Abstract. The impact of forest fires on nature and civilisation is conflicting: on one hand, they play an irreplaceable role in the natural regeneration process, but on the other hand, they come within the major natural hazards in many regions. Their frequency-area distributions show power-law behaviour with scaling exponents α in a quite narrow range, relating wildfire research to the theoretical framework of self-organised criticality. Examples of self-organised critical behaviour can be found in computer simulations of simple cellular automaton models. The established self-organised critical Drossel-Schwabl forest fire model is one of the most widespread models in this context. Despite its qualitative agreement with event-size statistics from nature, its applicability is still questioned. Apart from general concerns that the Drossel-Schwabl model apparently oversimplifies the complex nature of forest dynamics, it significantly overestimates the frequency of large fires. We present a modification of the model rules that distinguishes between lightning-induced and man made forest fires and enables a systematic increase of the scaling exponent α by approximately 1/3. In addition, combined simulations using both the original and the modified model rules predict a dependence of the overall event-size distribution on the ratio of lightning induced and man made fires as well as a splitting of their partial distributions. Lightning is identified as the dominant mechanism in the regime of the largest fires. The results are confirmed by the analysis of the Canadian Large Fire Database and suggest that lightning-induced and man made forest fires cannot be treated separately in wildfire modelling, hazard assessment and forest management.
Introduction
During the last decades, extensive event-size statistics for several natural hazards have become available. In many cases, e.g., earthquakes (Gutenberg and Richter, 1954) , landslides (Hovius et al., 1997; Malamud et al., 2004) , rockfalls (Malamud et al., 2004) , and the subject of this paper, forest fires (e.g., Minnich and Chou, 1997; Ricotta et al., 1999; Malamud et al., 1998 Malamud et al., , 2005 Ricotta et al., 2001; Song et al., 2001) , power-law distributions have been found. This means that the probability density p(s) related to the event size s decreases like s −α , with α typically called the scaling exponent. Despite many exogenous factors influencing wildfire occurrence like fuel accumulation, topography, and weather (Pyne et al., 1996) , vegetation types (Minnich, 1983) , different fire protection management policies (Minnich, 1983 (Minnich, , 2001 Minnich and Chou, 1997) , or anthropogenic effects (Cardille et al., 2001; Malamud et al., 2005) , it was found that, under a broad range of spatial and temporal conditions, forest fires exhibit power-law behaviour on their frequencysize distributions over about two to five decades of wildfire area, with a majority of the scaling exponents α falling into a range 1.1≤α≤1.9.
The similar event-size statistics of such obviously different phenomena suggest a unifying concept on a more fundamental level. On this note, self-organised criticality (e.g., Bak et al., 1987; Bak, 1996; Jensen, 1998; Hergarten, 2002) has become a magic word to explain power-law distributed events in dynamical systems. The first comprehensive study relating wildfire research to the theoretical framework of self-organised criticality was published by Malamud et al. (1998) .
Examples of self-organised critical behaviour can be found in computer simulations of simple cellular automaton models. In connection with forest fires, the automaton commonly referred to as the forest fire model developed by Drossel and Schwabl (1992) (DS-FFM in the following) is one of the most widespread models in this context. It is usually studied on a regular square lattice with periodic boundary conditions, where each site can be either occupied by a model tree or empty. In each time step, new trees are planted with a probability p on empty sites. Each tree is subsequently ignited with a lightning probability f , which then burns down the entire geometric cluster of trees connected to it via nearestneighbour relations. In most cases, the von Neumann neighbourhood with four adjacent cells is considered. The size s of a fire is measured in terms of the number of burnt trees. In the limit of small time steps, i.e., p→0 and f →0, the growth rate θ=p/f , which also sets the scale for the average fire size, becomes the only relevant parameter of the model. In each time step, the dynamics of the system is then determined according to the following update rules: (i) A total of θ sites is randomly chosen. If a site is empty, its state turns into occupied, otherwise nothing happens. (ii) A randomly chosen site is ignited. If this site is occupied by a tree, the entire cluster of trees connected to it burns down. Simulation results indicated critical behaviour in the limit θ→∞ (Drossel and Schwabl, 1992; Clar et al., 1994) . However, the scaling behaviour is not simple, and there has been much discussion whether the DS-FFM is self-organised critical in the strict sense or not (Schenk et al., 2002; Grassberger, 2002; Pruessner and Jensen, 2002) .
Despite the qualitative agreement with fire size statistics from nature, the applicability of the DS-FFM remains still questioned. Apart from general concerns that the DS-FFM apparently oversimplifies the complex nature of forest dynamics (Caldarelli et al., 2001) , it significantly overestimates the frequency of large fires: since differences in the power-law exponent become more important as α comes close to one, the quantitative agreement between the DS-FFM (1.0≤α≤1.25) and nature (1.1≤α≤1.9) is in fact rather weak: the cumulative distribution P (s) decays like s −(α−1) (Hergarten, 2002) , and thus changes strongly if α tends to one. To overcome this problem is not trivial because a systematic variation of the power-law exponent α is not provided by the model. There were many attempts to modify the model rules towards being more realistic with respect to the propagation of fires, e.g., by introducing immune sites (Drossel and Schwabl, 1993; Clar et al., 1994) , facilitating propagation by allowing diagonal connections or introducing anisotropic propagation (Hergarten, 2002) , but none of them improved the results substantially.
Accessible perimeter ignition forest fire model (AP-FFM)
We found that modifying the rule of ignition has a stronger effect than changing the rules of propagation. In the DS-FFM and its derivatives, each site naturally has, metaphorically speaking, equal susceptibility to be struck by lightning. But if we consider highways, roads, railways, trails or glades and urban areas and take human action into account, ignition should occur preferably at the border of a forest or at locations where the forest is not very dense (cf., Cardille et al., 2001; Stephens and Ruth, 2005; Maingi and Henry, 2007 ). An obvious choice would be to modify the model rules in such a way that ignition takes place at empty sites instead of occupied sites, and that fire propagates from an empty ignition site to those of its four nearest neighbours which are occupied by trees. However, this modification would suffer from the problem that clusters of trees in the DS-FFM closely resemble two-dimensional site-percolation clusters at or above the critical concentration p c . This implies that the total number of perimeter sites N p scales in the same way as the total cluster size s, N p ∼s (Kunz and Souillard, 1978) . Thus such a modification affects the frequency of small fires, but its effect on the frequency of large fires is negligible. We therefore restricted the admissible ignition sites to those being part of the accessible perimeter of a cluster. The concept of the accessible perimeter was introduced by Grossman and Aharony (1986). The accessible perimeter of a fractal object consists of those perimeter sites which can be reached, in principle, by a random walker coming from infinity. Figure 1 illustrates the basic idea: fires start from sites that are commonly understood as the edge of a forest. This approach is further supported by the result that the fractal dimension of the accessible perimeter found for site percolation as well as in our model simulations coincides with the fractal dimension of the accessible perimeter of real forest fires (Caldarelli et al., 2001) .
Consequently, this leads to a modified set of rules for updating the lattice in each time step: while the first part remains unchanged, the second rule turns into: (ii) A randomly chosen site is ignited. If this site is an (empty) accessible perimeter site, the entire cluster of trees connected to it burns down.
Results and discussion
In Fig. 2 we compare the results of this accessible perimeter ignition forest fire model (AP-FFM) with those of the original DS-FFM. The behaviour of the curves remains qualitatively the same, i.e., fires are still distributed according to power laws, but the exponent α increases significantly. While we obtained α=1.22 for the DS-FFM, our estimate for the AP-FFM is α=1.51. We found that the probability density of the present clusters n(s) behaves quite similarly in both models, so this finding can be understood by considering the probability of a cluster of size s to be ignited. The total number of accessible perimeter sites N ap scales with the radius of gyration r as
with an associated fractal dimension d ap .
The latter scales like s 1/d f , where d f is the fractal dimension of two-dimensional percolation clusters, so that
For d=2 site-percolation, d f =91/48 at p c and d f =2 above p c , which applies to the large clusters in both models. In combination with d ap ≈4/3 (Grossman and Aharony, 1986), we obtain
Since the probability of a cluster of size s to be ignited is proportional to s in the DS-FFM and to s 2/3 in the AP-FFM, these probability densities scale with
so that
Therefore the power-law exponent of the AP-FFM is approximately 1/3 greater than that of the DS-FFM, and the faster decay of the probability density with the event size in the AP-FFM can be immediately derived from the lower ignition probability of large clusters. With regard to fires in nature, it is unlikely that they are triggered by a single ignition mechanism. However, we found that fire statistics of a region where both lightning and human action are present cannot be predicted by simulating both cases separately and just superposing the statistics. In order to illustrate this, we performed combined simulations including both "lightning" (DS-FFM) and "human action" (AP-FFM). In Fig. 3 , we compare the results for the overall eventsize distribution p(s) for different ratios of lightning-induced and man made fires with that of the DS-FFM and the AP-FFM. We estimate α=1.42 for a percentage ratio 25/75 (lightning/man made), α=1.36 for 50/50, and α=1.30 for 75/25, compared to α=1.51 for 0/100 (AP-FFM) and α=1.22 for 100/0 (DS-FFM). Hence, the scaling exponent α decreases systematically with lightning rate by approximately 1/3. In addition, the long tail of the distribution occurring in the AP-FFM vanishes with increasing percentage rate of lightningcaused fires, so that the frequency of the largest fires is much lower than predicted from a simple superposition of the DS-FFM and the AP-FFM.
The deviation of the graphs in Fig. 3 at large event sizes indicates an interdependence of lightning-induced and man made in the combined simulations. Figure 4 shows the partial lightning-induced and man made event-size distributions for percentage ratios 75/25, 50/50 and 25/75 (lightning/man made) in comparison with the overall distributions of the DS-FFM (100/0) and the AP-FFM (0/100). For intermediate event sizes, the scaling exponents α of the respective probability densities still persist. As a result, this ensures that the assumption of two different ignition mechanisms can be easily proved by analysing the particular distributions of natural fire statistics. Concentrating on the tails of the distributions, one observes that the frequency of the largest events is lower for the man made fires in the combined simulations. This indicates that the largest fires are almost lightning-induced if both ignition mechanisms are present. This arises from the probability of a cluster of size s to be ignited. We obtain from Eqs. (4) and (5) lightning fires. Extremely large man made fires as occurring in the AP-FFM are therefore effectively suppressed and become less hazardous in a mixed environment, but only as long as lightning-induced fires avoid the occurrence of very large man made fires. In order to illustrate this quantitatively, we give some numbers on the top 0.1 percentiles from the combined 75/25 simulation (lightning/man made) and the AP-FFM (0/100) with identical growth rates θ=4096: in the combined 75/25 simulation, 0.1% of the fires had a size of more than 210 000 trees, whereby the man made fires accounted for only 2.6% of events (compared to 25% in total). In contrast, 0.1% of the (pure man made) fires in the AP-FFM are even bigger than 1 700 000 trees. In other words, the biggest out of 1000 events has become more than six times larger in absence of ignition by lightning. Of course, these values depend in general on both the growth rate θ and the ratio between lightning-induced and man made fires.
Conclusively, the combined simulations make the following predictions: (i) The scaling exponent of the overall event-size distribution p(s) depends on the ratio of lightninginduced and man made fires. (ii) There is a difference in the exponents of lightning-induced and man made fires, with α LTG ≈α DS ≈1.22, α MAN ≈α AP ≈1.51, and α≈1/3. (iii) At reasonable lightning rates, the largest fires are governed by lightning.
The Canadian Large Fire Database (LFDB) (Canadian Forest Service, 2002) provides an extensive data set to test these hypotheses. The database is available online and contains information on 11 231 fires of more than 2 km 2 in area for the 1959 to 1999 period and distinguishes between fires caused by lightning or human action. 72% (8086) of the LFDB fires were initiated by lightning, and 25% (2754) LFDB data led to the result that the lightning-caused fires contributed to 85% of the total burnt area (Stocks et al., 2002) , so they must be larger than those induced by humans in the mean. Figure 5 shows the probability densities of fire sizes estimated from the LFDB data. The estimates were made using logarithmic binning with a factor √ 2 between the bins, corresponding to 6.6 bins per decade. Assuming that the deviation of the graphs at large event sizes is due to a cutoff as it occurs in the event-size statistics of most natural hazards, the overall distribution p(s) follows a power law with an exponent α=1.30. We note that this result is in complete quantitative agreement with the scaling exponent obtained from the comparable combined simulation where 75% of the fires were lightning-caused and 25% man made. As conjectured, the LFDB data yield power-law distributions for both classes of fires separately. The power law of the man made fires has in fact a higher exponent, in agreement with the smaller average fire size found by Stocks et al. (2002) . We estimate α LTG =1.20 for ignition by lightning and α MAN =1.61 for the man made fires, with a difference α=0.41. As suggested by the model data, lightning is identified as the dominant mechanism in the regime of very large fires. 541 fires had a size of more than 300 km 2 in area, and among them 516 fires had also a known cause. The man made fires accounted for only 62 events (11% compared to 25% in total) and the lightning fires for 454 events (84% compared to 72% in total).
To substantiate the validity of our arguments and results, we additionally analysed the LFDB data by ecozones (Wiken, 1986) . Ecozones with less than 500 fires were not taken into account, as well as subsets with less than 100 events. The results are summarised in Table 1 , ordered by decreasing frequency of lightning-induced fires. Lightning fires (LTG) dominate in the northern regions, man made fires (MAN) occur more frequently in the more densely populated southwestern and southern areas. As expected, the scaling exponent α for the overall distribution of fires tends to increase with decreasing percentage of lightning fires. Except for the Montane Cordillera, the scaling exponents of the lightning fires α LTG just vary slightly from ecozone to ecozone and are still well described by the DS-FFM. We find the scaling exponents of the man made fires α MAN to be higher in all cases and fairly described by the AP-FFM, except for the Boreal Cordillera, but this may be due to the somewhat lower statistics. The differences between the exponents α amount to 0.24≤ α≤0.43, in good agreement with the results obtained from the combined simulations.
Our results may also draw alternative scenarios on some recent findings in wildfire statistics of the United States (Malamud et al., 2005) . In this study, Malamud et al. reported a difference in the exponents with reference to ignition source 1.12≤α anthropogenic /α lightning ≤1.30 in the eastern third (35% by area) of the United States (for comparison: α AP /α DS ≈1.24 and α MAN /α LTG ≈1.34). This was attributed to increased landscape heterogeneity due to historic anthropogenic forest clearance because these areas are more populated. We suggest this may also be due to two different ignition mechanisms. However, most other areas had α anthropogenic /α lightning ≈1, at least within ±2σ error bars. Malamud et al. also found a variation in the spatial distribution of α. Their results indicated an east-to-west gradient of higher-to-lower α values across the United States. The authors suggested that this gradient may have natural drivers like climate and vegetation, or may be due to increased forest fragmentation in eastern ecoregions. We propose alternatively that this gradient is an overall result of increased human activity. In their study, Malamud et al. also found that the numbers of anthropogenic vs. lightning wildfires varies as a function of ecoregion divi- , 2002) . This has serious consequences. Minnich (1983 Minnich ( , 2001 ) and Minnich and Chou (1997) found that the value of α for chaparral fires in southern California (SCA) and northern Baja California (BCA) is systematically associated with fire suppression strategies. Their analysis suggested that, as a result of different fire protection management policies in SCA (actioned) and BCA (non-actioned), the fine-grained patch structure in BCA shifted to a coarse structure in SCA, thereby reducing the number of fires and increasing fire size, but without changing the total burnt area. This has the reverse effect that the value of α increases with enhanced fire fighting efforts.
Summary and conclusions
In summary, we have presented a straightforward modification of the established Drossel-Schwabl forest fire model that distinguishes between lightning-induced and man made wildfires and enables a systematic increase of the scaling exponent α by approximately 1/3. Combined simulations of both the original and the modified model predict a dependence of the overall event-size distribution on the ratio of lightning-induced and man made forest fires as well as a difference between their respective event-size statistics. Lightning is identified as the dominant mechanism in the regime of the largest fires. The decrease of the scaling exponent α with lightning probability, the splitting of the partial distributions as well as the identification of lightning as the dominant mechanism in the regime of the largest fires are confirmed by the analysis of the Canadian Large Fire Database. The results also provide alternative interpretations on recent findings in wildfire statistics of the United States and suggest that lightning-induced and man made forest fires cannot be treated separately in wildfire modelling, hazard assessment and forest management.
